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Putting It All Together: Minireview
Building a Prereplicative Complex
Carol S. Newlon essential for DNA replication and is required for the
assembly and maintenance of the pre-RC, are excellentDepartment of Microbiology
and Molecular Genetics candidates for components of the pre-RC. Other candi-
dates include products of genes known to be requiredUMDNJ±New Jersey Medical School
Newark, New Jersey 07103 for the initiation of DNA replication, including the mini-
chromosome maintenance (MCM) proteins, Cdc45p,
and the Cdc7p protein kinase and its regulatory subunit
Dbf4p. The MCM proteins werefirst identified ina screenThe initiation of DNA replication in eukaryotic chromo-
for mutations that caused defects in the maintenancesomes is best understood in the budding yeast Saccha-
of plasmids in yeast, i.e., mutants in which plasmidsromyces cerevisiae. In this organism, DNA replication
were unstable (reviewed by Newlon, 1996). Six genesinitiates at replication origins spaced at intervals of
identified in this screen, MCM2±MCM7, encode a familyapproximately 40 kb whose activity depends upon cis-
of related proteinsthat are conservedamong eukaryotesacting replicator sequences called autonomously repli-
(reviewed by Dutta and Bell, 1997). Members of thiscating sequence (ARS) elements. Replicator activity
family share a 240±amino acid domain that containsdepends upon a short DNA sequence, the ARS consen-
the motifs characteristic of DNA-dependent ATPases.sus sequence, which acts as the core of the recognition
Adding to the interest in Cdc6p and the MCM family ofsequence for the origin recognition complex (ORC) (re-
proteins as components of the pre-RC are experimentsviewed by Newlon, 1996). ORC, a six-polypeptide com-
in Xenopus egg extracts which demonstrated that asso-plex, is essential for the initiation of DNA replication and
ciation of MCM proteins with sperm chromatin, in aappears to be the yeast replication initiator protein, the
reaction that requires Xenopus ORC and Cdc6p, is nec-analog of E. coli dnaA and SV40 T antigen (reviewed
essary for the initiation of DNA replication (reviewed byby Dutta and Bell, 1997). The binding of ORC to ARS
Dutta and Bell, 1997).elements depends upon ATP, and it has recently been
Several recent papers report important progress inshown that ORC is an ATPase whose activity is modu-
teasing apart the pre-RC and provide tantalizing sug-lated by sequence-dependent binding to DNA (Klemm
gestions for the roles of its components (Aparicio et al.,et al., 1997). cis-acting replicators have not been identi-
1997; Donovan et al., 1997; Liang and Stillman, 1997;fied in metazoans, where replication appears to initiate
and Tanaka et al., 1997). Two approaches were used toin broad zones. However, ORC homologs have been
examine the association of candidate pre-RC compo-identified in several metazoans and shown to be essen-
nents with DNA. The first approach, used by Apariciotial for DNA replication (reviewed by Dutta and Bell,
et al. and Tanaka et al., was a chromatin immuno-1997), suggesting that the mechanism of eukaryotic
precipitation (CHIP) assay developed by Grunstein andDNA replication initiation is conserved.
colleagues (Hecht et al. 1996). Cells expressing epitope-The Prereplicative Complex
tagged proteins of interest were treated with formalde-The chromatin structure of DNA replication origins, as
hyde to cross-link protein±DNA and protein±proteinrevealed by DNaseI footprinting, changes during the cell
complexes, and then chromatin was isolated. After thecycle, alternating between the prereplicative complex
chromatin was shearedto fragments containing an aver-(pre-RC) during G1 and the postreplicative complex
age of 500 bpof DNA, antibody was added to precipitate(post-RC) during S, G2, and M. The post-RC pattern is
the protein of interest together with material cross-very similar to the footprint generated by ORC binding
linked to it. Protein±DNA cross-links were then reversed,in vitro, while the pre-RC is characterized by a more
and the released DNA was subjected to PCR analysisextensive region of protection and loss of a prominent
to monitor coprecipitation of specific DNA sequences.DNaseI hypersensitive site characteristic of the ORC
While only a small fraction (,0.5%) of any specific DNAfootprint (reviewed by Diffley, 1996).
sequence was coprecipitated and recovered by this pro-Initiation of DNA replication requires the prior assem-
cedure, this approach has the important advantage thatbly of pre-RCs. In fact, the regulation of pre-RC assem-
interaction of the tagged protein with specific DNA se-bly appears to play a key role in restricting DNA repli-
quences can be detected.cation to one round per cell cycle. Activation of the
The second approach, used by Donovan et al. andcyclin-dependent kinase (CDK) that triggers DNA repli-
Liang and Stillman, was a chromatin binding assay incation at pre-RCs blocks assembly of new pre-RCs (re-
which spheroplasts were lysed with nonionic detergentviewed by Dutta and Bell, 1997). Although a detailed
and chromatin was partially purified by sedimentationdiscussion is beyond the scope of this review, the activa-
through sorbitol gradients. The association of particulartion of the S phase±promoting CDK (Cdc28p together
proteins with chromatin was then assessed by Westernwith a B-type cyclin) is regulated by ubiquitin-dependent
analysis. The advantage of this approach is that it canproteolysis of an inhibitory protein, Sic1p, that binds to
be used to examine the total distribution of a proteinthe cyclin B/CDK complex (reviewed by Hoyt, 1997).
between soluble and chromatin-bound phases. The dis-Thus, a key issue in the initiation of DNA replication is
advantage is that it provides information only aboutto identify the proteins that are components of the pre-
chromatin association, with no indication of the DNARC and to understand their functions.
Both ORC and the Cdc6 protein (Cdc6p), which is sequences involved.
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and the conditions that unmask the epitope in G1 phase
cells mitigate this concern.
Given its critical role in the assembly and maintenance
of the pre-RC, it was of interest to examine Cdc6p.
Cdc6p is an unstable protein, present only in the G1
phase of the cell cycle, whose synthesis and degrada-
tion is tightly regulated (reviewed by Dutta and Bell,
1997). Donovan et al. found that approximately one-
third of the Cdc6p present in cells arrested in G1 was
associated with chromatin. Using the CHIP assay, Ta-
naka et al. found an enrichment of replicator sequences
in Cdc6p immunoprecipitates from G1 cells, as ex-
pected if Cdc6p is a component of pre-RCs. Importantly,
the interaction of Cdc6p with ARS1 was abrogated by
mutations in ARS1 that prevented ORC binding, sug-
gesting that the association of Cdc6p with chromatin
Figure 1. Assembly of the Prereplicative Complex and Initiation of
was through ARS elements and perhaps through ORC,DNA Replication
with which Cdc6p is known to interact. In contrast toAt the end of mitosis (M), replicators are complexed with ORC in
the results of Tanaka et al., Aparicio et al. failed to findthe post-RC configuration. Early in G1 the pre-RC is formed (G1).
enrichment of replicator sequences in immunoprecipi-Cdc6p is required for loading the MCM proteins and is likely to be
part of the pre-RC. Cdc45p is also recruited to the pre-RC. As DNA tates using an HA-tagged Cdc6p. The most likely expla-
replication is initiated, Cdc6p is degraded and DNA polymerases nation of the discrepancy between the two reports is
(not shown) are recruited. MCM proteins and Cdc45p appear to that the longer epitope tag used in most of the experi-
track along with the replication fork during the elongation phase of
ments by Tanaka et al. was differentially accessible.DNA replication (S).
An alternative explanation is that the HA-tagged Cdc6p
used by Aparicio et al. is less stable than the derivative
ORC and Cdc6p used by Tanaka et al. Since initiation of replication at
The first important finding, reported by all four groups, only a fraction of potential origins is sufficient for viability
is that ORC is associated with chromatin throughout the (Newlon et al., 1993), it is possible that pre-RCs were
cell cycle (see Figure 1). While the similarity of the post- assembled at a fraction of replicators too small to detect
RC footprint to the footprint generated by ORC in vitro in the experiments of Aparicio et al. Taken together,
has strongly suggested that ORC is bound to chromatin these experiments suggest that Cdc6p is present in a
during S, G2, and M phases of thecell cycle, the absence substantial fraction of pre-RCs and is likely to be a com-
from the pre-RC of the characteristic DNaseI hypersen- ponent of pre-RCs, although the possibility that it is
sitive sites caused by ORC binding has left open the associated with pre-RCs only while it is loading other
question of whether ORC remains bound to replicators components cannot be excluded.
in the pre-RC. Liang and Stillman found that all six ORC Unlike the other proteins implicated tobe components
subunits were associated with chromatin throughout the of the pre-RC, the abundance of Cdc6p is tightly con-
cell cycle. The groups using the CHIP assay found that trolled, and it is targeted for degradation at the G1/S
Orc1p and Orc2p associated with replicators (ARS1, boundary. The same machinery that recognizes and
ARS305, and ARS306) but not with sequences that do ubiquitinates the CDK inhibitor, Sic1p, to promote its
not contain replicators (within the URA3 gene and at degradation and activate the S phase CDK also targets
several positions between ARS elements on chromo- Cdc6p for degradation (Drury et al., 1997). In Schizosac-
some III). Moreover, the ORC interaction with replicators charomyces pombe the degradation of the Cdc6p ho-
required an intact ORC-binding site and was inhibited molog, Cdc18p, is required to prevent multiple rounds
by mutations in other ORC subunits. Interestingly, Apari- of DNA replication in a single cell cycle, demonstrating
cio et al. found that the efficiency of immunoprecipita- the key role of this protein in the regulation of DNA
tion of replicators was lower during G1 than during other replication (Jallepalli et al., 1997). Additional controls on
phases of the cell cycle, because the assembly of pre- the re-replication of chromosomal DNA must be present
RCs partially blocks the epitope used for immunoprecip- in S. cerevisiae since stable derivatives of Cdc6p do not
itation. Incubation of a temperature-sensitive cdc6 mu- cause overreplication (Drury et al., 1997, and references
tant strain at the nonpermissive temperature, which therein).
causes disassembly of pre-RCs, restored the efficiency MCM Proteins
of immunoprecipitation by anti-ORC antibodies. These The MCM proteins, which are present at relatively con-
results provide strong support for the idea that ORC is stant levels throughout the cell cycle (Liang and Stillman,
a component of pre-RCs. However, the diminution of 1997; Young and Tye, 1997), associate with chromatin
signal as a result of pre-RC complex assembly during in a cell cycle±specific manner. Studies using the chro-
G1 emphasizes a potential difficulty with the assay. If the matin binding assay revealed that the MCM proteins
structure of complexes containing the tagged protein associate with chromatin during G1 and are released
varies along chromatin, then what appears to be associ- during S phase (Liang and Stillman, 1997; Young and
ation with specific sequences could reflect instead the Tye, 1997). This behavior reflects the behavior of MCM
relative accessibility of theepitope targeted for immuno- homologs in S. pombe, Xenopus, and mammalian cells,
which also associate with chromatin in a cell cycle±precipitation. In the caseof ORC,both its low abundance
Minireview
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specific manner (reviewed by Dutta and Bell, 1997) and epitopes, these findings suggest that the MCM proteins
emphasizes again the conservation of the DNA replica- are part of the replisome, the complex of proteins that
tion initiation mechanism among eukaryotes. participates in the elongation phase of DNA replication.
Using the CHIP assay, it was found that during G1 A component of the eukaryotic replisome that remains
the two MCM proteins tested, Mcm4p and Mcm7p, as- elusive is the replicative helicase, which functions to
sociated specifically with replicators and not with other unwind the DNA helix at the replication fork. The replica-
DNA sequences tested. The association was abrogated tive helicases of E. coli (DnaB) and SV-40 (T antigen)
by mutations in ARS1 and by temperature-sensitive mu- both function as hexamers and use the energy of ATP
tations in ORC1 and ORC5, the genes encoding two hydrolysis to unwind DNA (reviewed by Stillman, 1994).
ORC subunits (Aparicio et al., 1997; Tanaka et al., 1997). The DNA-dependent ATPase motifs conserved in MCM
The dependence of loading on ORC and replicator se- proteins, together with the recent report of a DNA heli-
quences and the specific association with replicators case activity associated with a complex of Mcm4p,
suggest that the MCM proteins are components of the Mcm6p, and Mcm7p from HeLa cells (Ishimi, 1997), sug-
pre-RC. A clear role for Cdc6p in the assembly of pre- gest the possibility that at least a subset of the MCM
RCs was revealed by the finding that the association proteins are components of the replicative helicase. An
of MCM proteins with chromatin and specifically with attractive feature of this idea is that it extends theparallel
replicators required the activity of Cdc6p (Aparicio et between prokaryotic and eukaryotic replication systems
al., 1997; Donovan et al., 1997; Tanaka et al., 1997). In (Stillman, 1994) to the initiation steps. For example, in
contrast to the dependence on ORC of maintaining the E. coli, the DnaB helicase is brought to the replication
association of MCM proteins with replicators seen in origin by a chaperone that interacts with the initiator
vivo, it was found that ORC and Cdc6p could be eluted protein, DnaA, and loads the helicase. By analogy,
from chromatin with salt while most of the bound MCM Cdc6p, which exhibits genetic interactions with ORC,
proteins remained associated (Donovan et al., 1997). might be responsible for loading the MCM-associated
This observation is consistent with the idea that loading helicase.
MCM proteins onto chromatin requires both ORC and As attractive as this model is, several issues suggest
Cdc6p, but that once bound, the MCM proteins interact that it must be entertained with some caution. One prob-
with some other component of chromatin. One way to lem is that the helicase activity measured by Ishimi
resolve the apparent conflict is to suggest that different (1997) is weak compared to known replicative helicases.
populations of MCM proteins are detected by the two The weak activity may reflect the properties of the en-
assays. zyme or it could result fromthe absence of protein cofac-
Both genetic and physical evidence supports the idea tors that stimulate the activity in vivo.
that MCM proteins interact among themselves and with Another question is why do MCM proteins, which are
other proteins, suggesting that they may execute their relatively abundant, appear to bind specifically to repli-
essential function(s) in complexes large enough to ac- cators. The levels of MCM proteins are estimated to
commodate two to six MCM protein monomers (re- be 50- to 500-fold higher than ORC, whose levels are
viewed by Dutta and Bell 1997). Consistent with this estimated to be similar to the number of replicators,
idea, the association of a given MCM protein with chro- suggesting that there could be several hundred copies
matin requires the activity of other members of the MCM of MCM proteins per origin (Lei et al., 1996; Donovan et
family. For example, a temperature-sensitive mutation in al., 1997). The chromatin binding studies of Donovan et
MCM5 prevented the association of Mcm7p with ARS1 al. and Liang and Stillman suggest that a substantial
when cells were incubated at the nonpermissive temper- fraction of the MCM proteins are associated with chro-
ature (Tanaka et al., 1997).
matin during G1, so the ratio of chromatin-bound MCM
A tantalizing and exciting aspect of the association
complexes to ORC is considerably higher than the re-
of MCM proteins with specific DNA sequences was re-
quired two replicative helicases per origin. It is possible,
vealed in the study by Aparicio et al. While the MCM
of course, that the putative MCM helicase is requiredproteins examined were found specifically associated
for other aspects of DNA metabolism like repair, andwith replicators during G1, theirassociation with specific
that theseother functions increase the amount of proteinsequences changed during S phase, moving from repli-
required.cators to other sequences. Consistent with the chroma-
An alternative explanation for the apparent movementtin binding studies, the association of MCM proteins
of the MCM proteins with the replication fork is thatwith all DNAs tested decreased to background levels
MCM proteins are actually distributed relatively uni-by the end of S phase. In further studies that examined
formly along chromatin but are inaccessible during G1changes in distribution of MCM proteins in a region of
except at replicator sequences, and that the movementchromosome III during a synchronous cell cycle, it was
of the replication fork exposes the MCM proteins as itfound that their distribution closely paralleled that of
approaches. This view is consistent with observationsDNA polymerase (Pol e), a known component of the
in mammalian and Xenopus cells that MCM proteins doreplication fork. Pol e was first detected in association
not colocalize with ªreplication foci,º which are sites ofwith replicators at the G1/S boundary, well after the
deoxynucleotide triphosphate incorporation into newlyMCM proteins were bound, and then Pol e and the MCM
synthesized DNA (see Aparacio et al., 1997, for refer-proteins appeared to move together toward the middle
ences). However, other proteins involved inDNA replica-of the region analyzed. With the important assumption
tion initiation and fork movement such as Orc2p, Cdc6p,that these CHIP assays reflect the actual distribution
of proteins on chromatin and not just accessibility of and the single-strand binding protein, RPA, also fail to
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colocalize with replication foci, so the relationship be- about the components required for pre-RC formation
tween replicationfoci and othercomponents of the repli- and their order of function, together with tantalizing
cation complex requires further study. clues of biochemical function provided by these recent
The finding that a complex of only three of the six MCM studies, may make it possible to develop partial in vitro
proteins possesses helicase activity is also somewhat reactions that will provide insights into the mechanism
surprising. What might be the essential function(s) of of pre-RC assembly and DNA replication initiation.
the remaining three members of the family? One possi-
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another component of the replisome that assembles at
replicators during G1.
Conclusions and Prospects
The identification of components of the pre-RC is an
important step in the elucidation of the mechanism of
eukaryotic replication initiation. The SV40 in vitro repli-
cation system faithfully recapitulates the complete repli-
cation of the virus and has been of crucial importance
in dissecting aspects of the elongation reactions, which
depend on cellular enzymes (reviewed by Hassell and
Brinton, 1996). However, origin recognition, replication
initiation, and the replicative helicase activities in the
SV40 system are all dependent on a single viral protein,
large T antigen. In contrast, the initiation of chromo-
somal DNA replication is much more complicated than
in viral systems, requiring the coordination of multiple
replication origins and responding to several layers of
cell cycle control designed to assure that the genome
is replicated in a timely fashion and with high fidelity.
The large number of gene products required for the
proper initiation of chromosomal DNA replication re-
flects these additional layers of control. The information
